at 120 mg/l in drinking water). Eight weeks after treatment, the L-NAME group showed significantly higher systolic blood pressure than the control group (197 ± 12 vs .138 ± 5 mmHg, p < 0.05). Candesartan or hydralazine with L-NAME reduced systolic blood pressure to baseline. Chronic inhibition of NO synthesis increased the extent of fibrosis and transforming growth factor-S expression in atrial tissue, and both of these effects were prevented by candesartan, but not by hydralazine. Cardiac hypertrophy and dysfunction were induced in the L-NAME group, and these effects were also prevented by candesartan, but not by hydralazine. In contrast, the decrease in thrombomodulin expression in the atrial endocardium in hypertensive rats was restored by candesartan and hydralazine. The ARB prevented atrial structural remodeling, a possible con- 
Introduction
Atrial fibrillation (AF) is associated with a high risk of cardiovascular morbidity and mortality, and its prevalence is expected to double in the next 50 years ( 1 -5 ) . Patients with hypertension and chronic heart failure (CHF) are at high risk of developing AF ( 2 , 6 ) . The development and maintenance of AF are associated with changes in electrical and structural properties known as atrial remodeling ( 7 , 8 ) . Kumagai et al . demonstrated that rapid atrial pacing caused electrical and structural atrial remodeling ( 8 ) . Li et al . demonstrated that CHF induced by rapid ventricular pacing strongly promotes the induction of sustained AF by causing fibrosis, which is a mechanism different from that of AF related to atrial tachycardia ( 7 , 9 ) . Importantly, both rapid atrial and ventricular pacing demonstrated that slowing of atrial conduction velocity is more important than shortening of the atrial effective refractory period in the development of AF, and that slowing of atrial conduction velocity is associated with extensive fibrosis ( 8 , 9 ) . Thus, the prevention of atrial fibrosis is a promising strategy for the management of AF. Although atrial structural remodeling, a possible contributing factor for the development and maintenance of AF, is observed in atrial and ventricular rapid pacing models ( 8 , 9 ) , it remains unknown whether it is involved in hypertensive hearts.
The renin-angiotensin system (RAS) is excessively activated in patients with CHF ( 10 -13 ) . Recent clinical data have clearly shown that the RAS suppression by treatment with an angiotensin-converting enzyme (ACE) inhibitor or an angiotensin type 1 receptor blocker (ARB) reduces the new onset of AF in patients with CHF ( 14 -16 ) . Consistent with the clinical data, RAS suppression by ACE inhibitors or ARBs prevents atrial structural remodeling in both rapid atrial and ventricular pacing models ( 8 , 17 ) . Recently, an ARB has been shown to confer better protection against the new onset of AF in hypertensive patients with left ventricular (LV) hypertrophy compared with a β -adrenergic receptor antagonist ( 18 ) , suggesting that angiotensin II may also play an important role in the onset and maintenance of AF in hypertension. In the present study, we examined the occurrence of atrial structural remodeling and the role of angiotensin II in its development using candesartan, an ARB, in the hearts of rats with hypertension induced by long-term inhibition of nitric oxide (NO) synthesis ( 19 ) . Furthermore, since atrial endocardial dysfunction such as a reduced thrombomodulin (TM) expression was previously induced in a rapid atrial pacing model ( 20 , 21 ) , we also investigated the effects of candesartan or hydralazine on TM expression in the atrium in this hypertensive model. 
Methods

Materials
Animal Model of Chronic Inhibition of NO Synthesis
Since endothelial dysfunction has been documented in patients with CHF and hypertension ( 22 , 23 ) , which is largely the result of a decrease in the bioavailability of NO ( 24 , 25 ), we adopted a hypertensive rat model induced by a long-term inhibition of NO synthesis. Ten-week-old male Wistar-Kyoto rats (Charles River, Yokohama, Japan) were randomly divided into 4 groups. The control group ( n = 11) received no treatment. The N ω -nitro-L -arginine methyl ester (L-NAME) group ( n = 11) received L-NAME at 1 g/l in drinking water. The L-NAME+candesartan group ( n = 11) received L-NAME plus candesartan (0.1 mg/kg per day) orally. The LNAME+hydralazine group received L-NAME plus hydralazine (120 mg/l in drinking water). Body weight (BW) was measured 1 week before and 8 weeks after the initiation of treatment. Blood pressure (BP) and heart rate (HR) were measured by the tail-cuff method 1 week before and 1, 2, 4, and 8 weeks after starting the experiments. All rats were housed, treated, and subjected to euthanasia as described previously ( 26 ) .
Echocardiographic Studies
Transthoracic echocardiography was performed using a machine equipped with a 7.5 MHz transducer (ALOKA Co., Ltd., Tokyo, Japan) after 8 weeks of treatment. Rats were anesthetized intraperitoneally with ketamine (15 mg/kg) and xylazine (5 mg/kg) and subjected to echocardiographic study. We measured echocardiographic parameters including LV end-diastolic dimension (LVDd), LV end-systolic dimension (LVDs), LV fractional shortening (LVFS), and the ratio of early to late filling wave of transmitral pulse-wave Doppler velocity ( E / A ).
Histopathological and Immunohistochemical Analysis
Eight weeks after treatment, rats in each group were sacrificed for morphometric, immunohistochemical and biochemical analyses. Excised hearts were weighed, separated into atrial and ventricular sections, cut, and stained with hematoxylin-eosin (HE) solution and Masson trichrome solution, and left atrial sections were carefully scanned as described previously ( 26 ) . Each section was scanned at × 200 magnification. For immunohistochemistry, paraffin sections (5 μ m thick) were incubated overnight at 4 ° C with a rabbit polyclonal anti-TM antibody (American Diagnostica Inc., Stamford, USA). A goat polyclonal anti-rabbit IgG antibody (DAKO) was used as a secondary reagent.
Real-Time Quantitative Reverse TranscriptasePolymerase Chain Reaction
Reverse transcriptase-polymerase chain reaction (RT-PCR) of left atrial samples of rat was performed according to the Omniscript Reverse Transcription Handbook (QIAGEN Inc., Hilden, Germany). The rat primers and probes used for quantification of collagen type 1 and glyceraldehyde-3-phosphatedehydrogenase (GAPDH) (internal control) were designed according to the manufacturer's protocol (Applied Biosystems, Foster City, USA) and those for transforming growth factor (TGF)-β were designed as described previously ( 27) . Real-time quantitative RT-PCR was performed with an ABI PRISM7700 Sequence Detection System (Applied Biosys- tems) by the relative standard curve method. The target amount was determined from the relative standard curves constructed with serial dilutions of the control total RNA.
Fig. 2. Echocardiographic parameters in groups tested. A: Left ventricular end-diastolic dimension (LVDd) corrected by body weight (BW). B: Left ventricular end-systolic dimension (LVDs)/BW. C: Left ventricular fractional shortening (LVFS). D: E/A ratio (ratio of early to late filling wave velocity). L-NAME,
N ω -nitro-L-arginine methyl ester; L+ARB, N ω -nitro-L-arginine methyl ester plus angiotensin II receptor blocker; L +hydralazine, N ω -nitro-L-
Immunoblot Analysis
Protein extraction and immunoblot analysis of left atrial samples of rats were performed as described previously (20) , and immunoreactive bands were quantified by densitometry (Molecular Dynamics, Sunnyvale, USA).
Statistical Analysis
Data are expressed as the mean ±SEM. Heart weight (HW), BW, hemodynamic variables, collagen type 1 or TGF-β expression normalized by GAPDH and TM protein levels were compared using one-way ANOVA followed by Bonferroni's test for multiple comparisons. Comparisons of the changes of BP among the groups over time were performed by two-way repeated-measures ANOVA followed by Bonferroni's correction, and values of p< 0.05 were considered to be statistically significant.
Results
Hemodynamic Parameters
HR and systolic BP (SBP) are presented in Fig. 1 . The HR was comparable among the 4 groups tested and did not change throughout the study. SBP was comparable among the 4 groups before the study. In the L-NAME group, SBP increased progressively and became higher than that in the control group from 2 weeks of treatment onwards. The increase in SBP produced by L-NAME was decreased to the baseline by candesartan or hydralazine.
Fig. 4. Expression of collagen type 1 and transforming growth factor (TGF)-β in atrial tissue in the hypertensive rat model. Each sample of TGF-β 1(A) and collagen type 1(B) was normalized by glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). L-NAME,
N ω -nitro-L-arginine methyl ester; L+ARB, N ω -nitro-L-
Effects of Candesartan and Hydralazine on Cardiac Hypertrophy and Dysfunction in Hypertensive Rats
The chronic treatment of rats with L-NAME significantly (p< 0.05) increased the HW/BW ratio compared with that in the controls (3.50±0.05 vs. 2.89±0.02). This increase was prevented by candesartan (2.98 ±0.14), but not by hydralazine (3.38±0.07).
Quantitative echocardiographic data are presented in Fig. 2 . Both LVDd/BW and LVDs/BW in the L-NAME group were significantly larger than in the control group. In the L-NAME group, LVFS was significantly decreased compared with that in the control group, indicating that systolic dysfunction was induced when NO synthesis was chronically inhibited. Candesartan, but not hydralazine, completely restored the reduction of LVFS by treatment with L-NAME. In addition, the E/A ratio in the L-NAME group was significantly decreased compared with that in the control group, indicating that diastolic dysfunction was also induced when NO synthesis was chronically inhibited. Candesartan, but not hydralazine, completely restored the reduction of E/A induced by L-NAME. 
Effects of Candesartan and Hydralazine on Atrial Structural Remodeling in Hypertensive Rats
The extent of atrial fibrosis in the L-NAME group 8 weeks after treatment was significantly greater than that in the control group. This fibrotic change was prevented by candesartan, but not by hydralazine (Fig. 3) . Quantitative analysis by real-time RT-PCR demonstrated that the mRNA levels of collagen type 1 and TGF-β in whole atrial tissue were significantly increased in the L-NAME group, while the increase in either molecule was reversed to the control levels by candesartan, but not by hydralazine (Fig. 4) .
Hemodynamic Effects on TM Expression in the Atrium of Hypertensive Rats
Eight weeks after treatment by L-NAME, immunohistological analysis revealed that TM expression on the atrial endocardial surface was markedly decreased (Fig. 5A) . Treatment with candesartan or hydralazine comparably reversed the decrease in atrial TM levels induced by chronic inhibition of NO synthesis (Fig. 5B, C) .
Discussion
The present study demonstrated that candesartan, an ARB, but not hydralazine, prevented the progression of atrial fibrosis as well as LV hypertrophy and dysfunction in a hypertensive rat model induced by chronic inhibition of NO synthesis. Furthermore, candesartan and hydralazine comparably attenuated the reduction in TM expression in the atrial endocardium in this model. These findings suggest that angiotensin II plays an important role in the pathophysiology of atrial and ventricular structural remodeling in the hypertensive heart model. To our knowledge, the present study is the first to demonstrate a reduction of TM expression in left atrial tissue in hypertensive hearts.
Recent animal models of AF have proposed two principal forms of atrial remodeling: electrical remodeling, which affects cellular electrical properties, and structural remodeling, which alters the architecture of atrial tissue (7) (8) (9) 28) . Atrial tachycardias cause ionic remodeling while decreasing the atrial refractory period and promoting atrial reentry (29, 30) . By contrast, CHF produces extensive atrial interstitial fibrosis compared with atrial tachycardia, which promotes arrhythmogenesis by interfering with atrial conduction (7). Although Takemoto et al. clearly demonstrated that longterm inhibition of NO synthesis induces fibrotic changes in the left ventricle (31), the present study is the first to demonstrate structural atrial remodeling, a possible contributing factor for the development of AF, in the hypertensive heart model. Since we found extensive atrial fibrosis in this hypertension model, it is likely that the morphological changes in the atrium of hypertensive hearts are similar to those found in CHF rather than to those in atrial-tachycardia pacing. These morphological differences in atrial tissue may reflect a difference in the pathophysiology of atrial fibrosis.
Recent clinical trials have demonstrated a reduction in the development and recurrence of AF by ACE inhibitors and ARBs in patients with CHF and hypertension (14, 32) . Thus, the inhibition of the RAS is a novel concept for the prevention of AF that may target the underlying abnormalities of cardiac structure and electrical physiology that lead to AF. In the present study, candesartan, an ARB, but not hydralazine, prevented the progression of atrial fibrosis as well as LV hypertrophy and dysfunction in the hearts of hypertensive rats. There are two possible mechanisms by which candesartan prevented atrial structural remodeling in experimental hypertension with LV hypertrophy. One possible mechanism is the prevention of LV hypertrophy that may hemodynamically overload the atrium. LV hypertrophy is associated with a high incidence of AF in hypertensive patients (6) . Thus, an antihypertensive drug, such as an ACE inhibitor or an ARB that can reverse LV hypertrophy, may effectively prevent the occurrence of AF (33) . Indeed, in the LIFE study, an ARB, losartan, significantly reduced the incidence of AF compared with a β-adrenergic antagonist (18) . The other possible mechanism is a direct anti-fibrotic effect of RAS inhibition. In both rapid atrial and ventricular pacing models, there are reports that the RAS inhibition by ACE inhibitors or ARB attenuates the development of atrial fibrosis that leads to the slowing of atrial conduction velocity (8, 9) . Candesartan, an ARB, may reduce the extent of atrial fibrosis due to reduction of LV hypertrophy as well as its direct antifibrotic effect in hypertensive hearts. Furthermore, it is likely that an inverse agonist effect by candesartan will be beneficial for preventing activation of angiotensin II type 1 receptor due to atrial stretch (34) .
Consistent with these atrial morphological changes, quantitative analysis by real-time RT-PCR demonstrated that mRNA levels of collagen and TGF-β increased in this model. TGF-β is a cytokine known to play an important role in stimulating fibrosis (35) . In a transgenic mouse model, constitutional activation of TGF-β produces atrial-restricted fibrosis and promotes inducibility of AF. Since angiotensin II induces the up-regulation of TGF-β that leads to cardiac fibrosis (36) , the attenuation of TGF-β by the blockade of angiotensin II type 1 receptor may result in the reduction of fibrosis in atrial tissue.
Thrombin bound to endothelial TM cannot convert fibrinogen to fibrin or activate the anticoagulant protein C. Therefore, TM is considered to be a potent intrinsic anticoagulant factor (37) , and the loss of TM in atria may lead to an increased risk of thromboembolism. In the hypertensive heart model induced by chronic inhibition of NO synthesis, we found that the expression of TM on the atrial endocardium was reduced. Interestingly, in contrast to the different effects of candesartan and hydralazine on atrial structural remodeling, candesartan and hydralazine comparably reduced systemic BP and restored the expression of TM. Thus, it is likely that atrial expression of TM is affected by hemodynamic fac-tors such as systemic BP. However, we cannot deny the possibility that the local left atrial pressure may have been different, because the E/A ratios of the two groups were different. Since little is known about the modulators of TM expression, further investigation will be required into the mechanism by which the atrial expression of TM is regulated.
Patients with hypertension show endothelial dysfunction that may be largely attributable to reduced NO bioavailability (23) (24) (25) . Thus, the hypertension model induced by long-term inhibition of NO synthesis will share the pathophysiology of patients with hypertension. We and other groups demonstrated that angiotensin II plays an important role in the development of LV fibrosis and cardiac inflammation in this model (25, 26, 38) . However, the present study is the first to demonstrate the important role of angiotensin II in atrial remodeling in this hypertensive model. We must examine the role of angiotensin II in atrial structural remodeling in other hypertensive hearts.
A limitation of this study was that we did not demonstrate that atrial fibrosis in this hypertension model was associated with an increased vulnerability to AF or an increased incidence of AF. Future investigation will be required to check the relationship between atrial structural remodeling and the occurrence of AF in this hypertensive heart model.
In conclusion, atrial structural remodeling was observed in a hypertensive rat model. Blockade of angiotensin II type 1 receptor attenuated atrial fibrosis and the reduction in TM in the atrial endocardium. We need to consider pathophysiological atrial remodeling when we treat patients with hypertension.
